Background. Semen is the main vector for human immunodeficiency virus (HIV) transmission from men to women. We investigated the influence of cytokines in semen on local HIV burden and activated T cells.
Sexual transmission of human immunodeficiency virus (HIV)-1 is the major route of new infections. Semen serves as the main vehicle for HIV transmission from men to their partners during sexual transmission, with risk of transmission being influenced by concentrations of HIV in semen [1, 2] . Other infectious and noninfectious cofactors may enhance the risk of HIV transmission to a partner by increasing local HIV replication in the male genital tract (MGT), thereby increasing the number of HIV-infected cells and the local HIV shedding in semen. The immunological milieu and the highly regulated cytokine network in the MGT can be altered during HIV infection and in the presence of sexually transmitted infections including cytomegalovirus (CMV), Chlamydia trachomatis, herpes simplex virus (HSV)-2, and other herpes viruses [3] [4] [5] . In fact, CMV reactivation in the seminal compartment promotes HIV shedding [6] .
Although little is known about the extent of local HIV target-cell activation in semen during HIV infection, significantly increased numbers of highly activated memory T cells are found in blood [7, 8] . Because the major coreceptor for HIV entry into target cells is the chemokine receptor CCR5, the distribution of T cells that express CCR5 in semen during HIV infection may be of specific importance for the potential to transmit HIV through sexual contact. In HIV-uninfected men, high concentrations of inflammatory cytokines and chemokines in semen may recruit and activate potential CCR5 + HIV target cells, thereby increasing susceptibility to HIV infection. While CD4 + CCR5 + T cells have been found in the foreskin and other epithelial layers of the penis [9] , the frequency of these cells in semen and factors that drive their recruitment are less well understood. Here, we investigate the role of cytokines and their networks in semen in order to determine the extent of local HIV shedding and T-cell activation. This may provide insight into the role of local immune activation and inflammatory markers in semen when determining the risk for HIV acquisition (in uninfected individuals) and transmission potential (in infected men).
MATERIALS AND METHODS

Study Participants
Thirty-eight HIV-infected (HIV + ) and 42 HIV-uninfected (HIV − ) men were enrolled from the Empilisweni Clinic in Athlone, Cape Town, South Africa. All men gave written informed consent, and the Research Ethics Committee of the University of Cape Town approved all aspects of the study.
Sample Collection and Processing
Ejaculates were collected in sterile specimen jars following voluntary self-masturbation and processed as described previously [10] . Whole blood was collected by venipuncture and peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using Ficoll-Histopaque (SigmaAldrich, Egham, Runnymede, UK) and LeucoSep tubes (Greiner Bio-one, Frickenhausen, Germany). Blood and seminal plasma samples were stored at −80°C for viral load determination and cytokine measurements. Blood CD4 counts were performed using Flow CARE PLG kits (Beckman Coulter, Inc., Brea, CA) according to the manufacturer's protocol.
Quantification of HIV and CMV in Semen and Blood
Plasma and seminal HIV-1 RNA concentrations (copies/milliliter) were quantified using NucliSENS EasyQ HIV-1 (version 2.0, bioMérieux SA, Lyon, France) according to the manufacturer's protocol. The assay had a lower limit of detection of 70 copies of HIV-1 RNA/mL and a linear range of detection up to 10 × 10 6 copies of HIV-1 RNA/mL. Seminal CMV DNA (copies/milliliter) was quantified using CMV R-gene polymerase chain reaction (PCR; Argene, Verniolle, France) according to the manufacturer's protocol. The assay had a linear range of detection up to 10 × 10 7 , with a lower limit of detection of 150 copies of CMV DNA/mL.
Detection of Sexually Transmitted Infection
A real-time multiplex PCR (M-PCR) assay (CDC, Atlanta, GA) was used to detect Neisseria gonorrhoeae, Chlamydia trachomatis, Trichomonas vaginalis, and Mycoplasma genitalium in DNA extracted from seminal fluid. DNA extraction was performed using the X-tractor gene platform (Qiagen, Germany) and M-PCRs were performed using Rotor Gene 3000 platform (Corbett Research, Australia) as described previously [11] .
Flow-Cytometric Analysis
Flow cytometry was used to investigate CD38 and CCR5 expression on CD4 + and CD8 + T cells in blood and semen of all participants. Seminal mononuclear cells and PBMCs were stained with anti-CD3 phycoerythrin (PE), anti-CD4 fluorescein isothiocyanate (FITC), anti-CD8 PerCP-Cy5.5, and anti-CCR5 allophycocyanin (APC) or with anti-CD3 PE, anti-CD4 FITC, anti-CD8 PerCP-Cy5.5 and anti-CD38 APC (all BD Biosciences, San Diego, CA). All antibodies were pretitered to determine optimal staining dilutions. Surface staining of cells was performed for 20 minutes at room temperature. Cells were fixed in Cell Fix (BD Biosciences, San Jose, CA) and samples acquired on a FACSCalibur (BD Biosciences, San Jose, CA). All flow cytometric events were collected for semen, whereas 500 000 events were collected for PBMCs. The median CD3 + T-cell yields in semen were 13 490 (interquartile range [IQR], 6205-37191). Data were analyzed using FlowJo software, version 8.5.3 (Tree Star Inc, Ashland, OR). Gates for CD38 and CCR5 were set using fluorescence minus one (FMO) controls. The gating strategy used is included in Supplementary Figure 1 .
Measurement of Cytokines and Chemokine Concentrations
Twenty cytokines were measured in semen and blood plasma of all HIV + men and 28 HIV − men using high-sensitivity human and human cytokine milliplex MAP kits (Millipore Corporation, St. Charles, MO). The following analytes were measured with the high-sensitivity kit: interleukin-1 beta (IL-1β), IL-2, IL-6, IL-7, IL-12p70, granulocyte macrophage colony-stimulating factor (GM-CSF), interferon-gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α). The sensitivity of the kit ranged from 0.05 pg/mL to 0.46 pg/mL for each cytokine measured. The following analytes were measured with the human cytokine kit: IL-1α, IL-8, IL-12p40, IL-15, Eotaxin (CCL11), Fractalkine (CX3CL1), granulocyte colony-stimulating factor (G-CSF), monocyte chemotactic protein (MCP-1; CCL2), macrophage inflammatory protein (MIP)-1α (CCL3), MIP-1β (CCL4), and regulated upon activation normal T cell expressed and secreted (RANTES; CCL5). The sensitivity of this kit ranged from 0.2 to 10.5 pg/mL for each cytokine measured. Plasma samples were thawed and filtered by centrifugation using 0.2-µm cellulose acetate filters (Sigma) prior to cytokine/chemokine measurements. Data were collected using a Bio-Plex Suspension Array Reader (Bio-Rad Laboratories Inc., Hercules, CA) and BIO-plex manager software (version 4). Cytokine concentrations below the lower limits of detection were reported as the midpoint between the lowest concentration and zero for each cytokine measured, as described previously [12] .
Statistical Analysis
Statistical analyses were performed using GraphPad Prism version 5.0 (GraphPad Software, San Diego) and STATA version 10 (StataCorp., College Station, TX). The MannWhitney U test was applied for independent nonparametric sample comparisons, the Wilcoxon signed rank test was used for matched nonparametric comparisons, and Spearman Rank correlation was applied for assessing nonparametric associations. The Kruskall-Wallis test with Dunn's multiple comparison test was used to test for differences among more than 2 independent groups. For linear regression, all variables were log 10 -transformed and used to evaluate the relationships between cytokine levels and activated T-cell subsets in blood and semen. All tests were 2-tailed and P values ≤ .05 were considered significant. P values were adjusted using the false discovery rate step-down procedure in order to reduce falsepositive results when multiple comparisons were made [13] . For heat maps, unsupervised hierarchical clustering was used to visualize the variation in cytokine concentrations in individual men and to cluster men according to the relatedness of their cytokine expression profiles (QlucoreOmics Explorer, Sweden).
RESULTS
To define the relationship between cytokine composition and the extent of T-cell activation (CD38 or CCR5) present in semen, 80 men were recruited, of whom 38 were HIV + and 42
were HIV − ( −300 000 RNA copies/mL), which was significantly higher than the matching median seminal viral load (1389 RNA copies/mL; IQR, undetectable−135 000 RNA copies/mL; P = .04). 
Distinct Composition of Cytokines in Semen vs Blood
Generally, all classes of cytokines were present in noticeably higher concentrations in semen than in matching blood samples, with MCP-1, IL-8, IL-6, Fractalkine, MIP-1β, GM-CSF, IL-7, and IL-15 being detected at significantly higher concentrations, whereas TNF-α, Eotaxin, and RANTES were present at higher concentrations in blood (Table 2) . Unsupervised hierachical clustering showed that semen cytokine signatures were distinct from those detected in blood, irrespective of HIV status ( Figure 1A) . Interestingly, while unsupervised clustering clearly distinguished HIV + from HIV − men according to their plasma cytokine concentrations ( Figure 1B) , concentrations of cytokines in semen from HIV + vs HIV − men were generally similar ( Figure 1C) , with only IL-10 significantly decreased in semen from HIV + compared with HIV − men in both blood (P = .021; Table 2 ) and semen (P = .035; Table 2 ). In semen, cytokine concentrations in HIV + HAART + men did not differ from their HAART − counterparts (data not shown).
Since CMV is a common chronic viral infection that can reactivate and be shed from mucosal surfaces, we examined the impact of CMV DNA (indicating reactivation) on cytokine concentrations in semen (Supplementary Table 1 ). After adjusting for multiple comparisons, none of the 20 cytokines differed between men who were CMV DNA + vs DNA − in semen.
Levels of inflammation between STI
− and STI + groups
showed that G-CSF, TNF-α, IL-10, IFN-γ, and IL-6 were all significantly higher in the STI + group after controlling for multiple comparisons (data not shown).
Compartmental Cytokine Concentrations Predict HIV Plasma Viral Load or Shedding
TNF-α concentrations in plasma and semen positively predicted viral loads in plasma (r = 0.53, P = .005) and semen (r = 0.55, P = .01; Table 3 ). Furthermore, concentrations of G-CSF, IFN-γ, and IL-10 in semen were also significantly positively correlated with semen viral loads (G-CSF: r = 0.61, P = .006; IL-10: r = 0.61, P = .006; IFN-γ: r = 0.57, P = .01; Table 3 ). The analysis was performed using Qlucore Omics Explorer software. Cytokine levels are expressed as color scales using normalized values for each cytokine and depicted according to a color scale, where red represents high concentrations and green represents low concentrations. Dendograms above classify the samples according to human immunodeficiency virus status and dendrograms on the left side reflect proximities of cytokines to each other. Abbreviations: G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; HIV, human immunodeficiency virus; IFN, interferon; IL, interleukin; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; RANTES, regulated upon activation normal T cell expressed and secreted; TNF, tumor necrosis factor.
Altered Cytokine Networks in Semen During HIV Infection
During an inflammatory response, a broad panel of cytokines (all act via the Nuclear Factor Kappa Beta (NF-kB) pathway) generally correlate with one another as they form part of one cascade [14] . In support of this, we found that more than half of the potential correlations (120/190, 63%) we could infer from the 20 cytokines measured in this study were statistically significantly correlated in semen of HIV − men (Figure 2 ). In particular, the concentration of the regulatory cytokine IL-10 in semen was strongly predictive of IFN-γ, IL-2, and TNF-α concentrations (R 2 = 0.79, 0.74, and 0.72, respectively; Figure 2B) and had the highest number of correlations with R 2 values > 0.2. In contrast, significantly fewer (62/190, 32.6%) of these relationships between cytokines remained significantly correlated in semen during HIV infection (P < .0001), and this was independent of HAART status. In blood, far fewer cytokines correlated significantly with each other (17.5% in HIV − and 6.4% in HIV + plasma; Figure 2A ). These analyses suggest that cytokines in the MGT are highly coregulated in the absence of HIV infection, more so than in blood. Furthermore, changes in the concentrations of particular cytokines and other factors during HIV infection, such as IL-10, an important regulatory cytokine, may disrupt these tightly regulated networks. Figure 3D ) that was clearly absent in HIV − men ( Figure 3C ).
T cells in Semen
Restricted Influence of Cytokine Concentrations on Compartmental T-Cell Activation
Linear regression was performed in order to assess the relationships between cellular activation and cytokine concentrations in semen and blood. Resulting regression coefficients were adjusted for the potential influence of HIV, antiretroviral (ARV), and STI status in a multivariate analysis (Figure 4 ). High concentrations of G-CSF in semen were significantly associated with high frequencies of CD8 + CCR5 + T cells (a 1 log 10 CD8 + CCR5 + T-cell frequency increase for every 0.4 log 10 pg/ mL G-CSF increase; Figure 4A ) but not frequencies of CD8 + CD38 + T cells. Eotaxin concentrations in both blood and semen were significantly associated with high frequencies of CD8 + CD38 + T cells and remained significant after adjustment ( Figure 4B ). Both plasma IL-15 (P = .03) and MIP-1β (P = .013) concentrations showed a significant inverse relationship with blood CD4 + CD38 + T-cell frequencies after adjustment ( Figure 4C ).
DISCUSSION
In this study, we investigated the central role of seminal inflammatory, adaptive, and regulatory cytokines in association with both local HIV shedding and mucosal target-cell activation. We show that semen has a cytokine profile that is distinct from blood, with semen having elevated concentrations of several proinflammatory (MCP-1, IL-8, IL-6, Fractalkine, MIP-1β, and GM-CSF) and adaptive cytokines (IL-7 and IL-15), while blood had higher concentrations of RANTES, Eotaxin, and G-CSF. Many of these cytokines, as part of the inflammatory cascade Abbreviations: G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; RANTES, regulated upon activation normal T cell expressed and secreted; TNF, tumor necrosis factor. a IL-1α was undetectable in blood plasma and was excluded.
during infection, are known to be highly coregulated, and we showed this to be true in semen from HIV − men. HIV infection, however, disrupted these networks. Importantly, we showed that frequencies of activated T cells were generally higher in semen than in blood (regardless of HIV status) and that concentrations of G-CSF in semen significantly predicted both HIV shedding and T-cell activation. The MGT is a mucosal effector site to which immune cells from the systemic circulation migrate to in order to provide defense against pathogens. This generally happens in response to chemotactic cytokine gradients [15] , and our finding that many proinflammatory cytokines were present at higher concentrations in semen than in blood supports this. The concentration of MCP-1, in particular, was 60 times higher in semen than in blood. This observation is important because MCP-1 regulates the infiltration of monocytes, memory T cells, dendritic cells, and NK cells [16] . Because the cognate receptor for MCP-1 is CCR2, which is expressed at high levels by memory CD4 + T cells, MCP-1 in semen may also recruit these HIV target cells to the MGT [17] . Sharkey et al. showed that endogenous MCP-1 in the female genital tract (FGT) was elevated following exposure to seminal plasma in a dose-dependent manner, indicating that exogenous MCP-1 may also play a role in recruiting immune cells to FGT following ejaculation, which may influence HIV transmission [18] . Aside from MCP-1, 5-fold higher concentrations of IL-8, Fractalkine, GM-CSF, IL-7, and IL-15 were observed in semen compared with blood. This finding confirms and extends previous reports from Politch et al. and Anderson et al. that showed higher concentrations of IL-7 and IL-8 in semen than in blood, regardless of HIV status [19, 20] . These cytokines and chemokines are involved in recruitment, maturation, and proliferation of monocytes, T and B cells, dendritic cells, and NK cells at potential sites of inflammation [21] [22] [23] [24] [25] [26] . Thus, semen passing through the MGT contains high concentrations of immune mediators that are involved in the recruitment, maturation, and survival of immune cells at this site.
Coregulation between cytokines in semen of HIV − but not HIV + men highlights the complexity and fragility of these regulatory networks. Dysregulation of inflammatory cytokine networks during HIV infection [5, 27, 28] may have serious implications for local seminal viral replication and the associated increased risk of HIV transmission. An association between seminal viral loads and levels of IL-1β, IL-6, IL-12, IFNγ, and RANTES has been shown [29] [30] [31] . Seminal levels of TNF-α, IFN-γ, G-CSF, and IL-10 were positively associated with seminal viral load, whereas only plasma levels of TNF-α were positively associated with plasma viral loads. 
CD4
+ and CD8 + T cells in blood [32] [33] [34] [35] [36] , and there are elevated levels in the genital tract of HIV + women [36] . CD4 + CCR5 + T cells are the main targets for HIV infection [37] [38] [39] , and immune activation exacerbates the depletion of these cells in HIV infection by promoting surface expression of CCR5 [40, 41] . Because the genital tract is an effector site, higher levels of CCR5-expressing T cells are to be expected, and CD38 upregulation on CD8 + T cells in the semen of HIV + men is known to occur [7] . Furthermore, in the present study, CD8 + CD38 + T-cell frequencies correlated between blood and semen of HIV + men, suggesting that systemic immune activation may be used to predict levels in the genital tract. While frequencies of activated CD8 + T cells in semen were significantly elevated in HIV infection, frequencies of these cells, as well as CCR5-expressing CD4 + and CD8 + T cells, were also significantly higher in semen of HIV − men compared with frequencies in blood.
This further emphasizes that the MGT, as an effector site where naturally high levels of HIV target cells occur, may place men in danger of HIV acquisition. In HAART + men, a rapid reduction in T-cell activation in blood has been demonstrated [42] . However, T-cell activation may persist in some individuals at levels higher than in healthy individuals despite years of ARV treatment [32] . In the present study, despite effective suppression of viral replication in most men, a reduction in activation levels to those found in HIV -men was not achieved in either semen or blood, supporting Each box-andwhisker plot indicates the median, interquartile range, and 10%-90% range (error bars). *, P ≤ .05; **, P ≤ .01; and ***, P ≤ .0001, using the Mann-Whitney U test for the comparison of groups, with P values ≤ .05 considered significant. C and D, Correlation of CD8 + CD38
+ T cells between compartments in HIV − and HIV + men, respectively. Spearman rank test was used for correlations and P values ≤ .05 were considered significant. previous findings. We did not have data available on the duration of ARV treatment or the duration of viral suppression. Hunt et al. speculated that elevated immune activation, despite suppressive ARV treatment, may be due to ongoing antigenic stimulation from low-level HIV replication, other infections, or persistence of immune damage, such as gut damage that leads to microbial translocation and immune activation [32] . Although that study was performed using blood, the same findings may be relevant to the seminal compartment evaluated in the present study. HIV-induced immune activation can lead to enhanced HIV replication, promoting further cellular activation. This cycle is further exacerbated by proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α, working synergistically to elevate levels of activation [27, 43] . In semen, higher concentrations of G-CSF were associated with higher frequencies of CD8 + CCR5 + T cells in HIV-infected men. G-CSF is a proinflammatory cytokine produced by macrophages and endothelial cells at sites of infection and it attracts and promotes the survival of neutrophils [22] . Interestingly, G-CSF levels correlated positively with concentrations of the β-chemokines MIP-1α and MIP-1β, which may lead to migration of the CD8 + CCR5 + subset into the seminal compartment. G-CSF has also been implicated in influencing T-cell function and in activating dendritic cells (reviewed in [44] ). G-CSF may function in the same way in the MGT, where high levels of neutrophils protect against pathogens. This restricted relationship between local inflammation and local activation of T cells suggests that HIV target cells are not activated locally but rather recruited in greater numbers in an already activated state to the MGT. We found an STI prevalence of 19% in our cohort, which is consistent with previous studies in South African men [45] , and there was a relationship + T-cell relationship with cytokines in blood and semen of human immunodeficiency virus (HIV)-infected men. β coefficients were calculated using linear regression for each of the 20 cytokines, adjusting for HIV, antiretroviral therapy, and sexually transmitted infection status in each compartment. A positive β coefficient indicates that higher concentrations of the cytokine are associated with elevated frequencies of activated T cells, while a negative β coefficient indicates an inverse association. Associations that were significant (P ≤ .05) after adjusting for multiple comparisons are shown in black. Abbreviations: G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; RANTES, regulated upon activation normal T cell expressed and secreted; TNF, tumor necrosis factor.
between the presence of STIs and elevated G-CSF levels. Thus, the role of genital tract inflammation (irrespective of the cause) in driving local HIV target-cell recruitment to this mucosal compartment has implications for placing HIV − men at higher risk for HIV acquisition.
In conclusion, we provide evidence of preexisting high levels of activated and CCR5-expressing T cells in the MGT, which are further elevated upon HIV infection. We show that even though HIV infection disrupts normal cytokine/chemokine networks, certain proinflammatory mediators, such as G-CSF, are upregulated in association with CD8 + CCR5 + T cells. Taken together, our study highlights the complex interplay between immune activation and inflammation, particularly at mucosal surfaces, and the role it might play in increasing both risk for HIV acquisition (in HIV − men) and transmission (from HIV + men). Seminal G-CSF, which is a key player in neutrophil survival, T-cell function, and dendritic cell activation, may be an important target for reducing HIV shedding or risk.
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